The Florida-based non-governmental organization Gift of Water, Incorporated (GWI) produces, distributes, and provides technical assistance on household water filtration systems in rural Haiti. The GWI purifier utilizes chlorine in the form of bleach for disinfection, a cotton filter for sediment removal, and a granulated activated carbon (GAC) filter for chemical removal. Because of the chlorination step, GWI is concerned with the possible production of trihalomethanes (THMs). THMs are disinfection by-products (DBPs) associated with potential human health effects.
INTRODUCTION
Over one billion people in the world lack access to safe water, and over three billion lack access to adequate sanitation [WHO, 2001] . In Haiti, only 45 percent of the rural population has access to safe water, only 16 percent of the rural population has access to safe sanitation, and the mortality rate for children under five is 129 per 1,000 live births [UNICEF, 2001] . In addition, 75 percent of the population of Haiti is involved in sustenance agriculture, and over 75 percent of the country lives in "absolute poverty" [Maguire, 1996] .
To address this need for safe water in Haiti, MIT Master's of Engineering (M. Eng.) students teamed with the Florida-based non-governmental organization (NGO) Gift of Water, Incorporated (GWI). GWI has been working in Haiti on point-of-use rural household filtration since 1995. Four related projects were developed and researched by M. Eng. students during the 2000-2001 academic year. The projects researched included: (1) chlorine generation in Haiti, (2) disinfection by-product formation and critical factors for program success (3) alternate forms of disinfection, and (4) program sustainability. This paper details the results of the second project, on disinfection by-product formation and critical factors for program success.
Haiti
Haiti encompasses 27,750 square kilometers of the western third of the island of Hispaniola in the Caribbean Sea. It shares the island with the Dominican Republic, and has a population of approximately 8 million people.
Haiti holds an important place in world history [Prince, 1985] . Columbus first landed in the new world on the northern coast of Haiti, in 1492. After exploitation of the native population, slaves were brought to Haiti from Africa to work the mines and fields. In 1801, slave leaders led a revolt that resulted in Haiti declaring independence on January 1, 1804. Thus, Haiti became the first black republic in the world and only the second free state in the western hemisphere.
The political situation has been unstable since the revolution, however. The U.S. occupied in 1915, and again in 1994 after a military coup overthrew the democratically elected Aristide [Maguire, 1996] . On October 15, 1994 Aristide was reestablished as the Haitian president, and then replaced by his successor. Aristide was reelected on November 26, 2000, with civil unrest, low voter turn-out, and questioning of the legitimacy of the election all indicating that Aristide had lost the ability to effectively govern the country. The instability of the government has prevented investment in infrastructure throughout the country, but most especially in the rural areas.
Due to the absence of government support for infrastructure, the churches have stepped into this role. In rural areas, churches are often the only organizations that support community development projects. Haiti is predominantly Catholic, with a 10 percent Protestant minority [Courlander, 1960] . The Catholic and Protestant churches work extensively with one another on community development projects, and both churches work with GWI to provide safe water.
The United States Agency for International Development's (USAID) Haiti: Country Environmental Profile begins with the statement that "few countries in the world face a more serious threat to their own survival from environmental catastrophe than Haiti [1985] ." The report continues by noting that overpopulation, overexploited natural resources, and forces toward further environmental degradation are so significant that "the chance for reversing this trend ... is diminishing daily." Twelve of the thirty major watersheds in Haiti were deforested by 1978. Thirty-eight percent of the forested land remaining is in the southeast, where the rivers in those protected watersheds drain to the Dominican Republic. Evidence is accumulating that baseflows in rivers are decreasing across Haiti because of the loss of groundwater recharge due to deforestation.
USAID [1985] states that "water resources, though not precisely known, are believed adequate to meet basic domestic needs." Currently, irrigation and drinking water systems predominantly use surface water sources for supply. These sources are in danger, due to deforestation and overuse. The abundant limestone formations in Haiti are believed to hold significant amounts of groundwater, however. USAID recommended two policies to address safe water supply in Haiti:
(1) improve water retention by reducing hillside farming and grazing; and (2) investigate safe groundwater development that does not result in salinization of aquifers.
Gift of Water, Inc.
The general objective of Gift of Water, Incorporated (GWI) is to "empower impoverished families in rural Haiti to purify their own water through the sustainable development of a maintenance network and small scale enterprises [GWI, 2000] ."
In November 1995, GWI was incorporated by Thomas Warwick. They began by assessing medical conditions and health problems in Dumay, Haiti with Adopt-a-Village Medical Missions [GWI, 2000] . Their water quality analysis of eight wells near Dumay showed that all were contaminated with coliform bacteria. Based on an economic analysis, the study recommended home-based water purification as the most economical of the alternatives for water treatment, which included boiling, high quality purification, low quality purification, new wells, and the home-based system.
In August 1996, 52 families in Dumay purchased the first GWI purifiers for H$2 (approximately US$0.40), and the first six Haitian technicians were trained to monitor the program. In August 1997, 13 Haitians were trained to assemble the purifiers in a factory facility in Dumay and additional purifiers were shipped to Haiti. By the end of 1999, approximately 4,000 purifiers had been shipped. In July 1998, the GWI purifier became the first Haitian-made purifier to be approved by the Haitian Ministry of Health [GWI, Undated] .
In January, 1999 GWI began working with a number of different sponsors to expand to additional rural communities. Seven communities, together with their sponsors, now have established purifier programs. GWI [2000] also details that the initial cost of the purifier is US$15.29 per family in Haiti. This includes the purifier, monitoring, educational programs, and shipment of materials. Families pay approximately H$2 for the purifier, and sponsors cover the difference. The usage and maintenance cost per purifier is US$0.42 per month. The sponsors work in conjunction with the local partner in the community and GWI as the technical advisor to establish the program. Due to extra transportation and monitoring costs in the first year, the total cost for the first year of operation is approximately US$50 per filter.
In Haiti, GWI employs technicians in each community who visit homes with purifiers, solve problems, and implement the program on the ground. The technicians are supervised by a volunteer water committee in each community. In addition, each community has one contact person, such as the priest or nun, who acts as the liaison between GWI and the community. Thus, a network of people support the program within Haiti.
The GWI Purifier
The GWI purifier itself is two 15-liter buckets connected by a check valve. Above the check valve in the top bucket is what is called the cotton filter. The cotton filter is actually a fivemicron spun polypropylene sediment filter. The filter is 25 cm long, with a plug at the top that prevents water from flowing down through the core of the filter. A plug at the bottom connects the cotton filter to the check valve. The other end of the check valve connects to a 21-cm-long carbon filter which holds 220 grams of 12/40 bituminous granulated activated carbon (GAC).
To use the purifier, water is collected in the top bucket, and approximately 5 mL of bleach is added. The top bucket with the added bleach is allowed to sit for 30 minutes. It is then placed on the bottom bucket and water flows through the cotton and then the carbon filter. Five drops of chlorine (0.04 mL) are added to the bottom bucket before filtration to form the residual.
Trihalomethane Production
"The first documented drinking water treatment can be found in Egyptian hieroglyphics, describing procedures to purify water. The basic principles were the same then as they are today: boiling, chemical treatment, and filtration were recommended treatments [Calderon, 2000] ." Until 1908, when chlorine was first introduced in the United States, the same mechanisms as mentioned in Egypt were utilized for drinking water treatment. Chlorine revolutionized water purification and is credited with the reduction of infectious disease. Today it is the most widely used chemical for disinfection in the U.S. [Gordon, 1987] .
Gaseous chlorine (Cl 2 ) or sodium hypochlorite (bleach, NaOCl (aq)) reacts with water to form hypochlorous acid and hypochlorite ion. Hypochlorous acid and hypochlorite ion then react with water according to pH. Hypochlorous acid also reacts with bromide in the water according to the following reaction:
In 1974, Rook discovered that hypochlorous acid and hypobromous acid react with naturally occurring organic matter to create four compounds, chloroform (CHCl 3 ), bromoform (CHBr 3 ), bromodichloromethane (CHCl 2 Br), and chlorodibromomethane (CHClBr 2 ). These four compounds are collectively termed trihalomethanes (THMs). Early days of research into THMs and chloroform received much attention because chloroform was shown to be an animal carcinogen [Simpson, 1998] . As time has passed, chlorination of drinking waters has been associated with increased mutagenic activity due to an array of halogenated compounds and has spurred much concern and research [Simpson, 1998 ].
The role of the bromide ion in the formation of THMs is critical. Without bromide in the raw water, the three brominated THMs are not formed. Bromide itself is a naturally occurring ion found most commonly in ocean water and waters near the ocean. While chlorine acts preferentially as an oxidant, bromine is a more effective halogen substituting agent, so bromide not only causes a shift towards the more brominated species, but also increases the total THM yield [Sketchell, 1995] .
Human Health Standards
The identification of DBPs as ubiquitous in chlorinated drinking water led to a flurry of research into potential human health effects. The effects of the four THMs have been studied individually and synergistically. A number of studies in rats and mice have noted increased liver and kidney tumors in animals exposed to individual and mixed THMs.
In response to concerns about potential human health effects of THMs, both international and governmental organizations have established exposure standards. The World Health Organization (WHO) regulates the individual THMs separately and in total. The United States Environmental Protection Agency (USEPA) regulates only total THMs (TTHMs). The standards are as show in Table 1 : In addition to the individual WHO guidelines, the sum of the four THMs actual value divided by their guideline value cannot be greater than one under the WHO standard. WHO also specifically states in the standards that: "It is cautioned that, where local circumstances require a choice to be made between meeting microbiological guidelines or guidelines for disinfection byproducts such as chloroform, the microbiological quality must always take precedence. Efficient disinfection must never be compromised [WHO, 1998 ]."
The Center for Disease Control [2001] agrees with WHO and states the following: "In populations in developing countries, however, the risk of death or delayed development in early childhood from diarrhea transmitted by contaminated water is far greater than the relatively small risk of bladder cancer in old age."
GWI is concerned about THMs because their purifier system chlorinates twice: once in the raw water for biological inactivation, and then again in finished water to form the residual necessary to prevent recontamination in unclean containers. The purpose of the THM study was twofold:
(1) to determine if THM concentrations were above the WHO and USEPA standards; and (2) to develop an equation based on easily measured source water parameters that GWI could use to estimate THM concentration in finished, purified waters.
METHODOLOGY Pre-field Sampling
A 1/30 th -scale, 500-mL bench scale model of the purifier was constructed in order to test Haitian water at MIT using samples of less that 15 liters of volume. The top bucket was constructed by drilling a hole in the bottom of a plastic 1-liter bottle and inserting a rubber stopper with tubing through it. Above the stopper a model cotton filter made of 1/30th the total amount of polypropylene wrapped around a 5 x 21 piece of 10-square-per-inch plastic canvas was attached. A rubber cap secured the top end of the polypropylene from leakage. The water flowed into a flask from which water could be collected and then flowed through a model GAC filter. The GAC filter was constructed using 1/30th of the weight of the carbon and placing it in a plastic vial that maintained the diameter-to-length ratio of the original filter. The original screen was secured around the bottom of the vial and a collection bottle placed beneath the carbon filter. Bleach was diluted by a factor of 30 and used in the model purifier as in the full-scale purifier.
Raw source water was mailed to MIT from one of the water sources in Dumay, Haiti at the end of November. This water was stored at room temperature in plastic bottles with head space. It was received at MIT and placed in the refrigerator in early December. On December 29, 2000 that water was used to test the bench scale model. Triplicate samples were collected into 45-mL volatile organic analysis (VOA) vials before chlorination, after first chlorination but before filtration, after the cotton filtration, after GAC filtration, and after the final chlorination. These samples were analyzed for trihalomethanes. THMs were analyzed using a Tekmar LSC 2000 purge-and-trap system connected to a Perkin Elmer AutoSystem XL gas chromatograph (GC). The column was a J & W DB-5 nonpolar, phenylmethypolysiloxane column with a 0.32-mm inner diameter and a length of 60 meters. The electron capture detector (ECD) was manufactured by Perkin Elmer.
The purge-and-trap protocol began with samples being purged for 4 minutes at room temperature, and then desorbed up to 175 degrees Celsius to the GC. The trap was baked at 200 for 7 minutes to clear the sample. The GC protocol began at 80 degrees Celsius, climbing to 120 degrees Celsius in 4 minutes at the rate of 10 degrees per minute, then climbing to 150 degrees Celsius in 1.5 minutes at the rate of 20 degrees per minute. The 150 degrees was held for 1.5 minutes for a complete sampling time of 7 minutes per GC run. The carrier gas was methane / argon mix. TurboChrome software on a Windows 3.1 platform was used for peak analysis and integration. If necessary, integration of the peaks was corrected manually. The THMs were easily separated using this protocol.
In addition to the analysis for THMs, bacterial analysis of pre-and post-purifier samples were analyzed with a PathoScreen medium and Lauryl Tryptose Broth with Bromcresol Purple (LT/BCP) medium in November 2000. The PathoScreen medium detects hydrogen sulfideproducing bacteria that are associated with fecal contamination and the presence of coliform. A powder pillow is opened, mixed with the sample, and the sample incubated for 48 hours. The Lauryl Tryptose Broth detects total coliform, with the Bromcresol Purple fluorescing in the presence of E. coli. Water with known coliform contamination from the Charles River in Boston was run through the full-scale purifier to test the purifiers effectiveness in reducing coliform.
Analysis in Haiti
From January 7th through January 28th, 2001, the four students in the Haiti M.Eng. group and a GWI guide, Bill Gallo, spent time in Haiti completing field work. Six of the seven communities in which GWI has programs were visited for periods of 1 to 4 days each. In each community visited, two concurrent studies were completed.
1) GWI Testing
GWI's standard testing procedure samples chlorine concentration in the top and bottom bucket, and collects a finished water sample for bacteriological analysis. Chlorine concentrations were measured with a colorimetric pool test kit that tests for residual chlorine. For bacteriological contamination testing, finished water (from the spout of the purifier) was added to Lauryl Tryptose broth in autoclaved glass bottles and kept in a cooler filled with 2 to 4 inches of 35 C water for 48 hours. After 24 and 48 hours the bottles were inspected for a color change from clear brown fluid to cloudy fluid. The color change indicates presence of total coliform. Color change was recorded as a positive coliform test.
The results of this testing were used to calculate the percent correct usage of the community. GWI's goal is 70 percent correct usage in each community. This test was conducted in all communities except Dumay.
2) THM Testing
To determine the amount of THMs generated in the purifier a two-pronged approach was taken: (1) raw source water was collected, analyzed before purification, and filtered through a purifier; and (2) finished water from that same purifier was collected and analyzed at MIT.
Raw source water was analyzed for turbidity, pH, temperature, and nitrate in Haiti. Turbidity was analyzed with a LaMotte Model 2020 Portable/Benchtop Turbidimeter calibrated at 1 and 10 NTUs weekly; pH with ColorpHast pH strips; temperature with an Envirosafe Celsius thermometer; and nitrate with a LaMotte Nitrate-N test kit.
Other parameters noted at the source were: description of the source, distance and difficulty of walk to the source, estimated flow per source, estimated number of people using the source, and soil description.
Source water was collected using clean, locally available containers and transported to a nearby purifier. One 45-mL VOA vial of raw source water was collected for analysis at MIT. The purifier was emptied, cleaned, and chlorinated, and the source water run through the purifier. Finished water was collected into two 45-mL VOA vials from the spout and checked for the correct amount of chlorine using the pool test kit. Through a translator, the family with the purifier was asked: How many people use the purifier? Who collects the water for the purifier? How many times per day is the purifier used? Where do you normally get water for the purifier? Do you have any problems with the purifier? How old are the cotton and carbon filters?
Sampling upon Return
Trihalomethanes were sampled using the same GC procedure as described above, with the addition of the following quality-control measurements. A trihalomethane mix standard was purchased and sampled at 1, 2.5, 5, 10, and 25 ppb to obtain standard curves. In addition, either a 10 ppb chloroform standard (before February 15, 2001) or a 5 ppb trihalomethane standard (February 15, 2001 onwards) was made fresh on each analysis day and run at the beginning and end of each day, as well as after approximately every 6 runs of the GC. Q-water was obtained by passing reverse osmosis water through an Aries Vaponics 110 volt distillation system with one OR-1 and two MR-1 ion-exchange cartridges in series, then through a TOC remover. Q-water was run first each day to clear the GC column, and then after every standard and after each finished sample. The GC was kept at 150 degrees when not in use to clean the column.
Conductivity was measured with a VWR Scientific Conductivity Meter, Model 2052, calibrated at 718 micromhos/cm. Lastly, sodium concentration was measured using a Perkin Elmer AAnalyst 100. Using the emission procedures recommended in the AAnalyst 100 handbook, the wavelength was 589.0 nanometers, the slit 0.2, and the gas mix was air/acetylene. Standards were calibrated from 0.5 to 1000 mg/L, and raw data was converted to mg/L (ppm) based on the equation from the standard curve. The R 2 value of the standard curve was 0.98. Sodium concentration was converted to bromide concentration using the relative concentrations in seawater of sodium and bromide as defined by Riley [1971] : sodium is present in sea water at 11.05 g/L and bromide at 0.068 g/L.
RESULTS

Pre-field Sampling
The THM chromatographs obtained from the source water mailed from Dumay, Haiti are shown in Figures 1a through 1e. All graphs are at the same scale both vertically (peak height) and horizontally (time), and because no standards were run with these samples, the graphs show relative trihalomethane concentration only. As can be seen, raw water contained no volatile organic compounds, but after initial chlorination occurred, a whole range of compounds were created. The cotton filter removed many of the compounds, and then the GAC filter removed almost all of the compounds. Final chlorination resulted in the creation of chloroform at elution time 2.96 minutes, bromodichloromethane at 3.54 minutes, and chlorodibromomethane at 4.37 minutes. This combination of chemical and bacteriological testing clearly shows that when used correctly, the purifier effectively disinfects and purifies water.
Analysis in Haiti
Analysis of the source water characteristics measured in Haiti (Table 2) showed that, on average, the purifiers are used daily, and the average carbon filter age is slightly under one year. Of note is that the average nitrate level was above the WHO guideline value of 10 ppm. Turbidity was low compared to guidelines for using the water in the purifier, and all water was clear in color. Also of interest is the distribution of type of source (Table 3) . Most of the sources were protected from surface water contamination. Captage is a Kreyol word for a groundwater spring capped at high elevation and piped down to a valley, where users collect the water out of freeflowing fountains. Lastly, four out of the five communities sampled using the GWI methodology reached the 70 percent correct usage rate (Table 4) . (Table 5) . However, there are a total of 1,800 purifiers in Dumay. If the carbon in every purifier was changed once every six months, it would amount to 300 changes per month, or 10 per day.
There is a certain percentage of carbon changes that probably remain unrecorded, yet the discrepancy is very high and the age of the filters we found in Dumay (up to 4 years old) indicates that the change rate is indeed low. In addition, Thomas Warwick recently checked and noticed that the factory still has most of the GAC that was shipped, indicating little was used to refill filters [personal communication]. 
Sampling upon Return
Seventeen samples brought to MIT from Haiti were analyzed for TTHM and provided the basis for the development of equations to model TTHM concentration in the GWI purifiers.
Quality Assurance/Quality Control (QA/QC)
A number of QA/QC procedures were used to ensure accurate data in the THM analysis. This included the creation of standard curves, the analysis of duplicate samples and lab splits of the same sample, and daily analyses of a standard THM mix to ensure accuracy.
Standards curves were created for each compound, and an equation to convert peak area from the gas chromatograph to _g/L was determined. The R 2 values for the standards curves were 0.95 for chloroform and approximately 0.85 for each of the brominated compounds. The linear fit equations from these graphs were used to convert area in mV to concentration in _g/L or ppb. Ten percent of the samples obtained in Haiti were split and analyzed twice in the lab. In addition, at ten percent of the Haitian sites, duplicate samples were collected and both samples were analyzed at MIT. All but one of the THM values in these duplicate samples was within 20 percent error. The sample with greater than 20 percent error was a duplicate sample where only the bromoform value was outside the 20 percent value.
The THM mix standard was well resolved. The four THMs eluted between 2.97 and 5.32 minutes. This standard was run at the beginning and end of each sampling day, as well as approximately every six samples.
In addition, because of the storage time in Haiti, the THM samples were held beyond the USEPA recommended holding time of 14 days. Holding times were 16 to 39 days, depending on the sample. Samples were, however, kept cold while in Haiti and after return to MIT. To assess the effect of the holding time, standards were prepared and left in the refrigerator for 34 and 42 days. The chromatograph from the 34-day holding time was within the standard deviation for the standard chromotograph. The 42-day holding time sample, however, exhibited extra peaks along the baseline. The peak areas of the four THM peaks, though, were also within the standard deviation for the standard chromotograph. Thus, although the holding times are over the USEPA suggested time, the chromatographs from the standard samples are believed to be accurate.
In summary, percentage error can be considered to be less than 20 percent, based on the fact that the standard curves, duplicate and split samples, and holding time analysis all (except one sample) show error less than 20 percent.
Results
THMs were observed in all seventeen of the finished water samples analyzed ( Figure 3 and Table 6 ). Two samples, one from Dumay (D-2) and one from Bas Limbe (BL-1) were dropped from the sampling procedures because of leakage in the VOA vial and no chlorine residual in the bottom bucket, respectively.
Figure 3: THM species and TTHM in 17 Haitian Samples
All samples met the WHO guideline values of 200 _g/L for chloroform, 60 _g/L for bromodichloromethane, 100 _g/L for chlorodibromomethane, and 100 _g/L for bromoform. However, one sample exceeded the WHO guideline value that states the sum of the four THMs' actual value divided by their guideline value cannot be greater than one. This value for sample D-1 was 1.37. In addition, all but sample D-1 met the USEPA standard of 100 _g/L for TTHM. Brominated compounds were commonly seen. Some samples, such as LP-1 and D-1, contained predominantly chloroform, with only low concentrations of brominated compounds. Other samples, such as LP-4 and D-5, were bromoform-dominated samples. Samples such as D-4 and F-1 were mixed. In the literature review, no study developed a model from samples with the amount of variation in percent brominated compounds (5 to 100 percent) as found in the Haiti samples (Table 7) . To begin understanding why there was a large range of percent brominated compounds and their effect on finished water TTHM concentrations, characteristics of raw source water were analyzed at MIT. To this end, conductivity and sodium concentration were measured because both can correlate with bromide ion concentration.
The bromide concentration and the conductivity varied significantly across Haiti (Table 8) . In Les Palmes, Fon Veret, and Barasa (all mountainous inland communities) bromide concentrations were very low. In Dumay, slightly inland and in a valley, bromide concentrations were slightly higher. In Bas Limbe, very close to the ocean, bromide concentrations were higher yet. In Ferriere, near the ocean and in the east of the country, bromide concentrations were quite high. In addition, when bromide concentrations were compared to bromoform concentration in the finished water (Table 6 ), the three samples with the highest bromide concentrations and conductivity values (D-6, F-1, and F-2) also had the highest bromoform concentration in ppb. In addition, the bromide concentration and conductivity results were correlated (R 2 = 0.75, Figure 4 ). This indicates that conductivity, a parameter easily measured in the field, can be used as a rough indicator of bromide concentration by setting bromide concentration equal to 0.0008 times the conductivity and then subtracting 0.16. 
DISCUSSION
TTHM Mathematical Model
The data obtained from source water in Haiti, from the gas chromatograph analysis for TTHM and individual THM concentrations, and from analysis of conductivity and bromide concentration of source water at MIT were used to create a mathematical model to predict the concentration of TTHM in finished, purified water.
In order to anticipate TTHM production in Haiti, TTHM concentration, in micrograms per liter, was regressed against the source water variables measured in Haiti and at MIT. The units of micrograms per liter (ppb) were used for TTHM concentration because both the USEPA and WHO standards are expressed in ppb. Slightly better R 2 values were obtained regressing against TTHM in molar concentration, because the molar concentration unit does not include the conversion from moles to ppm that is different for each species of THM.
A unitless integral number was developed to account for the age and usage of the GAC. This variable, total usage, was calculated by multiplying the number of times the purifier was used per week by the age of the carbon filter in weeks. The concentration of TTHM in the finished water versus total usage was well fit with a linear equation (R 2 value of 0.75, Figure 5 ). This indicates that each time the carbon filter is used, more TTHMs break through, which is a reasonable result. A certain volume of GAC can only adsorb a finite amount of a compound. To improve the R 2 value, other source water characteristics were regressed against TTHM concentration.
Because the last step of the formation of THMs is base-catalyzed, it is expected that as pH increases, so does the final concentration of THMs. When pH was added to the regression, the R 2 value increased from 0.752 to 0.756. This small increase indicates that pH (which ranged from 4.75 -8.0 in the source water), was not a significant factor in the final concentration of TTHMs.
Increasing turbidity could be an indicator that there is an increased amount of natural organic matter (NOM), the precursor material of THMs, in the source water. When turbidity and total usage were regressed against TTHM concentration, the R 2 value was 0.758.
As temperature increases, so does the concentration of TTHMs due to the increased rate of reactions. When total usage and source water temperature were regressed, the R 2 value was 0.764. Thus, as temperature increases, the final concentration of TTHM increases slightly, but not significantly. Thus, of the variables pH, turbidity, and temperature, none was found to significantly improve the regression equation.
Sketchell [1995] showed that as the bromide concentration increases, not only does the speciation of the four THMs shift toward the brominated compounds, but the TTHM concentration increases as well. When total usage and bromide concentration were regressed, the R 2 value increased to 0.797 from the R 2 value of total usage alone of 0.752. Thus, bromide concentration accounts for 4.5 percent of the variation in the TTHM concentrations.
However, bromide concentration is not a parameter that can easily be measured in the field. Bromide concentration is related to conductivity, however (Figure 4) . Conductivity can easily be measured in the field in Haiti. When total usage and conductivity were regressed, the following correlation was found:
TTHM (µg/L) = 0.14 (Total Usage) + 21 (Conductivity) -9.6 R 2 = 0.780
Thus, conductivity does not provide as good a correlation as bromide concentration, but it does indicate that conductivity accounts for 3.8 percent of the variation in the TTHM concentrations.
The last variable compared with the total usage regression was nitrate concentration in ppm. When nitrate concentration and total usage were regressed the following correlation was found:
TTHM (µg/L) = 0.14 (Total Usage) + 0.72 (nitrate) -7.9 R 2 = 0.781
Thus, increasing nitrate concentration increases the TTHM concentration. Possibly, this occurs because nitrate concentration is related to the NOM in the source water. With more NOM precursors in the source water there will be more TTHM concentration. This value indicates that nitrate concentration accounts for 3.9 percent of variability of the TTHM concentration.
Hence, in addition to the dependency on total usage, the most important variables were bromide concentration, followed by nitrate concentration, conductivity (an indicator of bromide concentration), and then temperature (Table 9 ). pH and turbidity account for less than one percent of the variability. When all combinations of all variables were regressed with one another, the highest R 2 value was found using all six variables, for a value of 0.811. Yet, this value (with all the variables) is only 0.03 higher than the values for total usage / conductivity (0.780) and total usage / nitrate (0.781). And the value for total usage by itself is 0.752. Thus, the use of six variables in the equation increases the complexity of the equation so much that a mechanistic understanding of why more THMs are generated can no longer be determined. In addition, the difficulty of monitoring all six variables would be prohibitive. Thus, the total usage / conductivity and total usage / nitrate regression equations were analyzed further to develop the model. Nitrate is measured with a colorimetric test kit that has a large error because the user must match color against standards that are 2 ppm apart. Conductivity, on the other hand, can be measured with an electronic meter. Thus, the conductivity reading is likely to be more accurate, and therefore the conductivity equation is a preferred equation to model. Bromide concentration provides a more accurate measure of the bromide in the water than conductivity does, but because it is not possible to measure in the field, the conductivity equation is more applicable.
The total usage / conductivity regression equation again is: TTHM (µg/L) = 0.14 (Total Usage) + 21 (Conductivity) -9.6 R 2 = 0.780 with conductivity in mmho/cm and total usage an integral number calculated by multiplying the age of the carbon filter in weeks by the number of times the purifier is used per week.
When the calculated value from this total usage / conductivity model was compared to the observed value from GC measurements of actual Haitian water there is a small amount of spread in the lower concentrations, but the fitted linear total usage / conductivity regression equation explained 78 percent of the total spread ( Figure 6 ). Thus, conductivity and carbon use can be used to model TTHM concentration (µg/L) in the finished water after filtration with the GWI purifier. This simple equation can be used to estimate TTHM production in water throughout Haiti, but only if GWI continues using the GAC currently purchased and distributed. A change in the GAC supply would require a change in the equation.
Solving this equation for TTHM equal to the USEPA standard of 100 µg/L allows calculation of the total number of uses until the purifier water first exceeds USEPA standards (Table 10) . We considered average, worst, and best case scenarios. The average case uses the average conductivity to calculate the total usage at the USEPA standard. The total usage is then converted to carbon age in weeks by dividing by the average number of times the purifier is used per week. The worst case uses the highest conductivity seen in Haiti and the highest usage of the purifier per week for the same calculation. The best case uses the lowest conductivity seen in Haiti and the lowest usage of the purifier per week for the calculation. The worst case scenario shows that the carbon filter should be changed every 0.75 years, or 9 months, in order to ensure that the USEPA standard is not exceeded. Thus, GWI's policy of changing the carbon every six months includes a safety margin against even the highest potential use of the purifier in areas with the highest conductivity. However, as was found in Haiti, carbon is not changed every six months. In addition, it would be more accurate for the carbon change to occur based on usage of the filter because of the large range of usage (between 1 and 14 times per week), rather than on a set time duration, which assumes the same use of the filter across Haiti. This would complicate the carbon change process, however, and currently the first goal is simply to ensure that the carbon is changed. Thus, it is recommended that GWI take one of two courses: (1) work with the technicians to implement the current policy of carbon changes every six months; or (2) implement a new twostep policy that includes the technicians determining the number of times per day the purifier is used. If that number is greater than one, carbon should be changed every six months. If that number is equal to or less than one, carbon should be changed every year. This would ensure a safety margin, and necessitate less carbon changes. The two-step policy adds a complexity that, given the current carbon change rate, may not be feasible. Thus, the simpler every-six-months policy is recommended.
Bromodichloromethane Model
Both WHO and USEPA define bromodichloromethane (BDCM) as the most cancerous of the four THMs. The WHO guideline value of 60 µg/L for BDCM is the lowest of the four guideline values. Therefore, an equation to model BDCM concentration was also developed.
To begin the development of this equation, total usage was regressed against BDCM concentrations in the finished waters. The R 2 value of this regression was 0.65. The R 2 values using the multivariable combinations of total usage / conductivity / pH and total usage / nitrate / pH were both 0.70. When all six possible variables (total usage, conductivity, pH, nitrate, temperature, and bromide concentration) were regressed against BDCM concentration, the R 2 value was only 0.71. As before, the simpler the equation, the easier it is to use and the more likely it can be explained mechanistically. Thus, the six variable equation was not used.
As before, the method of measurement for conductivity is more accurate than that for nitrate. Thus the total usage / conductivity / pH equation was used to further develop the model. That equation is as follows: BDCM (µg/L) = 0.018 (Total Usage) + 3.6 (Conductivity) -1.7 (pH) + 10 R 2 = 0.70 with total usage an integral number, conductivity in mmho/cm, and pH in log units.
The two equations with 0.70 R 2 both contain total usage, pH, and a variable that is related to the concentration of bromide ion or possibly NOM in the raw water. This equation is similar to the equations modeling TTHM concentration, except that, with lower pH, more BDCM is formed. pH is an important factor in the formation of brominated THMs because the reaction that creates hypobromous acid occurs at acidic pH, as shown in the formula below. At high, basic pH sodium hypochlorite will exist as hypochlorite ion, and will not react with bromide ion to form hypobromous acid.
The BDCM model equation was then solved for the total usage associated with the WHO standard of 60 µg/L for the average, worst case, and best case scenarios (Table 11 ). Even at the worst cast, carbon would only need to be changed every 4.0 years. Thus, carbon changes every six months offer a large margin of safety for BDCM exposure. 
Critical Factors for Program Success
Even the best technology does not guarantee effective implementation of a water program in the developing world. Thus, in addition to the modeling of the THM concentration, critical factors for program success were investigated during the field month in Haiti. Three critical factors were identified during observation of the program.
Staffing
Dedicated, respected, and well-selected technicians are vital to the success of the program. In Ferriere, the technicians were greeted warmly on a home visit, and performed their testing with ease. The success of the program in their community is partially due to their dedication and competence, and therefore the importance of hiring quality technicians should be stressed to the program leaders in the communities. In addition, when the program leader in the community has a vested interest in water issues and is familiar with U.S.-style paperwork and the English language, the program runs more smoothly. These program leaders also function as cultural translators between GWI and the French / Kreyol speaking technicians.
Purifier Distribution
Staged, planned, and local distribution of purifiers is also critical. In Ferriere, where 50 purifiers were distributed in a small area, rounds were comfortable, and easily completed multiple times per week. In Les Palmes and Bas Limbe, rounds were difficult and time consuming because the purifiers were very far apart in mountainous areas. The addition of a small number of purifiers at a time to localized areas will simplify the program in many ways.
Purifiers as Part of the Community
A number of people we saw were sharing their purifier with neighbors. This is a simple and effective way for GWI to reach a greater number of people for less capital cost. In addition, the water program seemed to have more support when it was part of a larger community development plan. The program leader in Ferriere sponsors many health related programs, and thus the GWI program fits well within the framework of her larger work on community education. This is a tenuous metric, but measuring the "readiness" of the community for the program seems vital to the success of the program.
Challenges
Although there are many successes in the GWI program, there are a few challenges that were also noted during the field month.
2. Carbon filters were not actually being replaced. Generally, the technicians knew how to and when to, but actual replacement did not occur.
3. In Barasa, the lack of available water indicates that the first priority there should be water access, rather than water treatment. Perhaps working with Plan International, or another international water supply agency, to develop water-supply systems would be more appropriate.
4. No one in GWI speaks fluent Kreyol. This makes effective communication difficult because many subtleties of feeling and opinion are likely missed. In addition, more contact with GWI could be a positive factor for communities. The hiring of a full-time, in-country, Haiti-wide organizer who is fluent in Kreyol could improve many situations.
5. Good technicians will not continue if they are unreliably paid, which is currently a problem for GWI. A system of effective distribution of salaries outside of Dumay should be determined.
The GWI program is an effective and vital program in Haiti. Although there are some challenges, there are also many successes.
CONCLUSIONS THM Production
Only one of 17 finished water samples from Haiti was above the USEPA standard of 100 µg/L, and no sample was above the WHO guideline values for individual THMs. Both the CDC and the WHO stress that, in developing countries, bacteriological inactivation is critical, and THM standards therefore secondary. Based on the TTHM concentration results of this study, no action, besides the implementation of a reliable carbon change-out system, is recommended to change the purification process or mitigate TTHM production.
TTHM can be calculated from simple parameters using the equation:
TTHM (µg/L): = 0.14 (total usage) + 21 (conductivity) -9.6 R 2 = 0.780
With conductivity in mmho/cm and total usage an integral number.
Critical Factors for Program Success
Three factors were identified as critical to ensure program success in community. These factors were:
1. Dedicated and well selected staff 2. Localized purifier distribution 3.
The purifier as part of the community GWI organizes a well-structured and vital program that with a few modifications could be even more successful.
Further Studies
Three studies are recommended for further study:
1. Epidemiology Study: A full-scale study to determine the actual health benefits of the purifier is needed. Although these studies are difficult to implement in the developing world, the full benefit of the purifier will not be known without one.
2. Chlorine Demand Study: Currently significantly more than the CDC-recommended amount of chlorine is added to the purifier. Although this may be necessary, a new study to investigate chlorine demand across Haiti will help to optimize chlorine addition.
3. GAC Study: This study clearly shows that the GAC is critical in THM removal. Studies to determine the characteristics of the actual GAC used by GWI would be a valuable addition to this study. If the type of GAC is changed, the equations mentioned herein are no longer valid.
